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Objectives. We sought o characterize the differences een after 
low or high pressure coronary artery stent deployment as assessed 
by intravascular ultrasound. 
Background. Until 1992, the success of stent deployment was 
assessed by angiographic riteria only, but in 1993 the procedure 
was expanded to include postprocedural single-use intravascu- 
lar ultrasound imaging. Ultrasound criteria for successful stent 
deployment were 1) symmetry, 2) minimal lumen diameter 
>3.0 mm, 3) no echo-free spaces between the stent and the vessel, 
and 4) no uncovered issections. 
Methods. We used mechanical 4.8F or 3.5F 20- or 30-MHz 
monorail single-use intravascular ultrasound catheters. 
Results. Fifty-two patients were included, 28 treated in 1991 
and 1992 (group A) and 24 treated in 1993 or 1994 (group B); 87% 
of patients underwent elective stent implantation. The number of 
echocardiographie studies per patient increased from 1 + 0.1 
(mean -+ SD) in group A to 2.0 + 0.85 in group B. Mean maximal 
balloon size increased from 3.3 - 0.33 to 3.73 - 0.24 mm and 
maximal inflation pressure from 6.9 -+ 1.1 to 15.8 _+ 2.4 bar (p < 
0.001). The eccentricity index was 0.915 -+ 0.04 in group B versus 
0.87 + 0.05 in group A. Minimal lumen diameter measured by 
echocardiography increased from 2.55 -+ 0.41 mm in group A to 
3.14 --- 0.37 mm in group B. The final mean values per cross- 
sectional area as a percent of calculated balloon area were similar 
in group A (67.5 -+ 23%) and group B (66.5 -+ 22.9%). No major 
acute complications occurred in either group; subacute thrombo- 
sis developed in two patients, both in group A. 
Conclusions. Intravascular ultrasound ata confirm that high 
pressure stent deployment leads to increased minimal lumen area. 
Despite high pressure stent deployment, homogeneous stent geome- 
try and optimal stent expansion were not observed in all patients. 
(JAm Coll Cardiol 1995;26:725-30) 
As early as 1969 it was suggested (1) that stents be used as 
adjunctive treatment after dilation of vascular stenosis. Nearly 
two decades later, Sigwart et al. (2) reported their experience 
with vascular stenting to prevent acute closure and restenosis. 
Today, coronary artery stenting is an established technique for 
the management of bailout situations after percutaneous cor- 
onary angioplasty (3,4). Moreover, recent studies (5,6) have 
shown the benefits of coronary artery stenting for stenotic 
lesions in terms of procedural outcome and long-term reduc- 
tion in additional coronary artery interventions. The most 
likely explanation for the beneficial effects of stents is that they 
prevent most of the recoil found after standard coronary 
angioplasty and that the postprocedural minimal umen diam- 
eter is larger (7,8). Therefore, the increase in postprocedural 
minimal lumen diameter provides more space for intimal 
hyperplasia. Recent studies addressing the long-term result 
after placement of coronary artery stents have shown, on 
follow-up angiography, a minimal lumen diameter of only 
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1.82 2 0.64 mm (mean 2 SD), a noticeable reduction from the 
2.48 2 0.39 mm observed immediately after implantation and 
not statistically significant from the value of 1.73 + 0.55 mm 
found in patients with coronary angioplasty in the same study 
(6). 
Although stent deployment, asassessed by angiography, has 
a high procedural success rate, stents arc prone to certain 
intrinsic complications, of which the most harmful is subacute 
stent hrombosis (9,10). Angiographic analysis fails to demon- 
strate specific predictors of subacute thrombosis other than 
vessel diameter. Furthermore, the true vessel diameter and the 
close contact of the stent struts to the vessel wall cannot be 
confirmed by angiography. Both the proper sizing of the stent 
in relation to the coronary artery dimensions and the com- 
pleteness of expansion are likely to determine the short- and 
long-term procedural success. 
Recent reports (11,17) on the use of intravascular ultra- 
sound in patients after stent deployment proposed that after 
"optimal" stent deployment by high pressure coronary angio- 
plasty and assessment of stent geometry by ultrasound, no 
anticoagulation is needed to prevent subacute thrombotic 
complications. This can be credited to A. Colombo, Milan, who 
revolutionized stent deployment by the high pressure balloon 
expansion technique (11). He and his co-workers showed that 
the information obtained by postimplantation intravascular 
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ultrasound led to the use of larger balloons and higher inflation 
pressures during stent deployment. Although several groups 
(12-18) have described in great detail the use of single-use 
intravascular ultrasound uring stent implantation, the studies 
vary in patient size, implantation site (coronary arteries or 
peripheral circulation) and procedural details. 
The aim of the present study was therefore to characterize 
the differences seen after either low or high pressure coronary 
stent deployment as assessed by intravascular ultrasound in 
patients treated with single-use Palmaz-Schatz stents of stan- 
dard length in native coronary arteries. 
Methods  
Patient selection. From 1991 to 1994, intravascular ultra- 
sound was used to study 52 patients after emergency deploy- 
ment of a single stent. Until the beginning of 1993, the success 
of stent deployment was assessed by angiographic criteria only, 
but in that year the procedure was expanded to include 
postprocedural intravascular ultrasound images. The intravas- 
cular ultrasound criteria for successful stent deployment were 
1) symmetric deployment of the stent, 2) minimal lumen 
diameter ->3.0 ram, 3) avoidance of echo-free spaces between 
the stent and the internal vessel wall, and 4) no residual 
dissection proximal or distal to the stent. 
The study was approved by the local ethical committees and 
is in concordance with the declaration of Helsinki, revised at 
Hong Kong in 1989. Informed consent for coronary angio- 
plasty, stent deployment and the adjunctive intravascular ul- 
trasound studies was obtained from all patients ->24 h before 
the procedure. The use of the intravascular ultrasound equip- 
ment and coronary artery stenting was approved by the local 
ethical committees. 
Catheterization procedure. This procedure was performed 
with a Siemens Cardioscope, HICOR or BICOR (Siemens, 
Erlangen, Germany) coronary catheterization u it. At least 
four projections for the left and three projections for the right 
coronary artery circulation were obtained and stored on 
35-ram X-ray film or on laser disk. For coronary angioplasty 
and stent deployment, we used 8F large-lumen guiding cathe- 
ters (Medtronic), 0.0]4-in. (0.036-cm) guide wires (ACS) and 
over the wire or monorail angioplasty balloon catheters from 
various suppliers and diameters as clinically indicated. The 
maximal inflation pressure allowed in group B was 20 bar. 
Medication. All patients were pretreated with aspirin 
(->100 rag/day), nifedipine (10 mg three times daily) and 
dipyridamole (75 mg twice daily). During stent implantation, 
all patients received nitroglycerin travenously (3 rag/h) and 
dextran (100 ml/h) after a bolus injection of 10,000 IU of 
heparin, followed by a continuous infusion of 2,000 IU/h 
throughout the procedure. Heparin and nitroglycerin doses 
were then tapered to individual patient needs and continued 
until the next day. 
Coronary artery stent design. Coronary Palmaz-Schatz 
stents were used exclusively. The stent is a balloon-expandable 
device, as described in detail elsewhere (19.20). After position- 
ing of the device in the coronary target segment, he balloon 
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Figure 1. Vessel diameter was defined as the outer media-media 
distance, lumen diameter as the inner intima-intima difference, and 
the minimal and maximal diameters within the stent as shown by the 
arrows labeled aand b. The maximal distance between stent strut and 
intima was defined as shown by the arrow labeled c. The number of 
"oblique" struts (e.g., d) was also determined. 
was inflated to 6 bar if the stent delivery system was used, and 
to a maximum of 20 bar for subsequent inflations in group B. 
Balloon expansion was achieved by visual estimation (7). 
Intravascular ultrasound. For the postprocedural study we 
used mechanical 4.8F (44% of studies) or 3.5F, 20- or 30-MHz, 
monorail single-use intravascular ultrasound catheters (Boston 
Scientific). The details of the technical specifications and 
calculations are described in detail elsewhere (21). The intra- 
vascular ultrasound catheter was tracked over the 0.014-in. 
guide wire until a position distal to the stented segment was 
reached. Ultrasound gain was adjusted to allow maximal gray 
scale differentiation. If an echolucent space between the stent 
struts and the vessel wall was seen, gain settings were adjusted 
to help differentiate between echolucent material and an 
echolueent zone representing a free space. In addition, small 
amounts of contrast material were injected by hand during the 
intravascular ultrasound examination to assess whether echo 
contrast appeared between the stent struts and the vessel wall. 
During pullback, brief, numbered X-ray episodes were re- 
corded with and without injections of contrast material, to 
allow later offqine correlation of intravascular ultrasound 
images tored on videotape with angiographic images. 
Intravascular ultrasound analysis. All intravascular ultra- 
sound images were stored on S-VHS tape and analyzed 
off-line. The distal and proximal coronary artery segments and 
the distal, proximal and "bridging" segments of the stent were 
analyzed. The minimal umen diameter and the lumen, vessel 
and plaque areas were measured. Intravaseular ultrasound 
measurements were either performed on a Kontron Cardio 
200 semiautomatic computer system, an ECHO-COM system 
(Hellige, Frankfurt, Germany) or the built-in analyzing system 
of the Hewlett-Packard Sonos system unit (22). 
Additionally, in the proximal and distal segments of the 
stent, we counted the number of "oblique" struts (Fig. 1). 
Furthermore, the symmetry of the stent was defined as the 
relation of minimal to maximal diameter within the stent. 
The maximal size of the apparent echo-free space between the 
outer strut border and the vessel wall was measured, and the 
angle of the echo-free space was quantified. 
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Table 1. Demographic Data for the Two Patient Groups* 
Group A: Group B: 
1991/1992 1993/1994 
(n = 28) (n - 24) 
Age (yr) 54 _+ 8 57 _+ 9 
Male/female 23/5 21/3 
Stented artery 
LAD 16 12 
RCA 10 10 
LCx 2 2 
Elective implantation 25 20 
Emergency implantation 3 4 
*There were no significant differences between groups. Data are expressed 
as mean value _+ SD or number of patients. LAD = left anterior descending 
coronary artery; LCx - left circumflex coronary artery; RCA - right coronary 
artery. 
Quantitative coronary angiography. Angiographic data 
were further analyzed off-line, as reported in detail elsewhere 
(7). Quantitative analysis of the stenosis dimensions was done 
according to the principle of Brown et al. (23). Settings and 
angulations of the X-ray equipment were the same before, 
during and after stcnt implantation and during intravascular 
ultrasound examination. The normal vessel segment was de- 
fined interactively. The minimal lumen diameter within the 
stent and the proximal and distal reference segments were 
calculated. 
Statistics. Statistical analysis was performed by using the 
validated SAS statistics program (version 6.04) for MS-DOS- 
based personal computers. Results are presented as mean 
value _+ SD; a p value <0.05 was considered statistically 
significant. Interval data were compared between the two 
patient subgroups by paired t test, and nominal data were 
tested by chi-square analysis. Data not normally distributed 
between two different patient populations were compared by 
the Mann-Whitney rank sum test. An error level <0.05 was 
considered statistically significant (24). 
Resu l ts  
The demographic haracteristics of the 52 patients are 
shown in Table 1. No significant differences were found 
between the two patient groups, except that the patients 
studied in 1993 or 1994 (group B) were 3 years older than those 
from 1991 and 1992 (group A). Eight (15%) of the 52 patients 
were women, and 45 (78%) had elective stent implantation. 
Patients with bypass stents were excluded. The intravascular 
ultrasound study was safe, with only transient, albeit notice- 
able, adverse vents. In group A, two patients reported angina 
during the intravascular ultrasound study and one patient had 
transient ST segment depression. In group B, one patient had 
ST segment elevation and angina, and another had a transient 
third degree atrioventricular (AV) block during a study of his 
right coronary artery. The number of echocardiographic stud- 
ies per patient increased from 1 _+ 0.1 in group A to 2.0 _+ 0.85 
in group B (range 1 to 4) and total examination time increased 
from 4 _+ 2 to 8 _+ 3 rain (p < 0.001). The mean value for the 
maximal balloon size used in groups A and B increased by 
0.43 mm (3.3 _ 0.33 to 3.73 _+ 0.24, p < 0.001) and the 
maximal pressure applied during stent implantation more than 
doubled (6.9 _+ 1.1 to 15.8 _+ 2.4 bar, p < 0.001). Balloon 
inflation time was unchanged. In 20 (83%) of the 24 patients in 
group B, the first echocardiographic examination after stent 
deployment led to additional balloon inflations at higher 
pressures (n = 20) and larger balloons (n = 18). Figure 2 
shows an example of stent expansion after increasingly higher 
inflation pressures. The ratio of calculated final balloon diam- 
eter to reference segment diameter increased from 1.11 (range 
0.75 to 1.35, median 0.98) in group A to 1.24 (range 0.89 to 
1.38, median 1.12) in group B (p < 0.01). 
Despite larger balloons and higher inflation pressures, 
echo-free spaces between some stent struts and vessel walls 
were still found in group B (Table 2), although the percent of 
patients with echo-free spaces declined from 43% in group A 
to 17% in group B. The eccentricity index (the smallest/largest 
Figure 2. Stepwise increase in diameter and symmetry 
by consecutive balloon inflations of 11 and 17 bar with 
a 3.5-mm high pressure balloon in a proximal lesion of 
the left anterior descending coronary artery (LAD). 
Upper left image was obtained after percutaneous 
transluminal coronary angioplasty (PTCA). The white 
circle in the bottom frame shows the stented segment; 
the black boxes in the upper left corner of the intra- 
vascular ultrasound images mask the patient's name. 
After PTCA STENT 11 bar STENT 1 7 bar 
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Table 2. Echo-Free Spaces in the Two Patient Groups 
Group A: Group B: p 
1991/1992 1993/1994 Value 
Patients with echo-free space 12/28 5/24 0.07* 
Site of echo-free space 
Distal stent 
Max distance (mm) I).5(i _+ 11.18 0.30 + 0.10 ().fill 
Angle (°) 137 = 50 50 + 10 0.004 
Bridge area 
Max distance (mm) 0.38 - (I.I)7 I).35 + 0.10 NS 
Angle (°) 145 - 60 4/I +_ 20 [1.001 
Proximal stent 
Max distance (ram) 0.40 - 0.10 Not done 
Angle (°) 220 ~ b0 Not done 
*Although a significantly smaller number of patients in group 13 had an 
echo-free space, it was not entirely absent. Data arc expressed as mean value ÷ 
SD or number of patients. Max distance = maximal distance from stent o inner 
vessel wall; - -  = no echo-free space found. 
diameter within the stent) was significantly better in group B 
than in group A, although perfect symmetry was not achieved 
in all cases. "Oblique" struts (see Fig. 1), seen in 43f/~ of 
patients in group A, were still seen in 37.5% of patients in 
group B (p = NS, Table 3). Figure 3 shows an example of an 
asymmetric stent expansion despite high pressure balloon 
inflations. 
Between groups A and B no changes were found for the 
lumen area of the vessel proximal to the stent. All other areas 
measured, including the segment distal to the stent, showed a 
significant increase in minimal umen area in group B (Fig. 4). 
The minimal lumen diameters obtained by angiography 
before and after intervention are listed in Table 4. Although 
the preprocedural nd proximal reference segments did not 
differ for the two groups, postprocedural minimal lumen 
diameter in both the stented and the distal reference segments 
was significantly increased in group B. Values obtained with 
intravascular ultrasound were lower than those obtained with 
angiography. 
The minimal cross-sectional area is plotted against the 
percent of patients in Figure 5. The minimal cross-sectional 
area in 50% of patients was >8.5 mm 2 in group B in contrast 
to only 4.82 mm 2 in group A. Despite the use of higher 
pressures and larger balloons in group B, the final cross- 
sectional areas as a percent of calculated balloon areas were 
Table 3. Eccentricity Index and Oblique Struts in the Two 
Patient Groups 
Group A: Group B: p 
1991/1992 1993/1994 Value 
Eccentricity' index 
Mean _+ SD (all patients) 0.87 = 0.05 0.915 ± 0.04 0.001 
Range 0.6-1 0.7-1 
Oblique struts 
Patients (no.) 12/28 9/24 NS 
Figure 3. Despite high pressure balloon inflation (20 bar, 4.0-ram high 
pressure balloon), the intravascular ultrasound images of the stented 
segment of the left anterior descending coronary artery (LAD) showed 
an irregular asymmetric stent expansion at two imaging sites (A and 
B). The black boxes in the upper left corner of the intravascular 
ultrasound images mask the patient's name. 
similar in the two groups: 67.5 _+ 23% in group A and 66.5 +_ 
22.9% in group B. 
Discuss ion  
This report summarizes the morphologic results of acute 
coronary artery stent deployment as assessed by angiography 
and intravascular ultrasound after the implantation technique 
was changed to high pressure stent deployment asinaugurated 
by Colombo and co-workers (11). The main finding is that 
intravascular ultrasound-controlled implantation resulted in a 
larger minimal lumen area, a reduced number of eccentric 
implantations and less free space between outer stent contours 
and the lumen wall. 
Role of intravascular ultrasound in stent deployment. The 
examination ofvessel wall response after stent implantation i
humans is limited because of the physical limitations of 
contrast angiograms (25). Palmaz-Schatz stents are almost 
radiolucent, allowing only poor imaging, especially in obese 
patients (20). Furthermore, angiography determines only lu- 
men size not vessel size, and stent-strut contact with the vessel 
wall is crucial for an optimal increase in cross-sectional lumen 
area and probably also for short- and long-term procedural 
success. Angiography typically overestimates the increase in 
lumen area after stent deployment, because it does not differ- 
entiate between stent diameter and lumen diameter in patients 
with suboptimal stent expansion. Various studies have there- 
fore addressed the feasibility and safety of intravascular ultra- 
sound in stented segments in coronary arteries. It was shown 
112-181 that stent geometry and expansion can be clearly 
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Figure 4. Minimal lumen diameters assessed by postprocedural intra- 
vascular ultrasound examinations showed no differences for the prox- 
imal (prox) reference segment but significant enlargement for the 
other stent segments measured, including the distal segment. The 
lower graph indicates the measurement areas within the different stent 
segments. ***p < 0.001. Hatched bars represent patients treated in 
1993/1994 (group B), open bars patients treated in 1991/1992 (group 
A). 
demonstrated because of the strong echoic nature of the stent 
itself. Nakamura et al. (11), reporting the experience of three 
centers in intravascular ultrasound-guided stent deployment, 
showed that multiple intravascular ultrasound examinations 
resulted in a significant gain in postprocedural cross-sectional 
area. In contrast o our study, these investigators (11) did not 
prospectively examine in two patient groups the differences 
between angiographically and intravascular ultrasound- 
Table 4. Minimal Lumen Diameter by Quantitative Angiography 
Before and After Stenting in the Two Patient Groups* 
Group A: Group B: p 
1991/1992 1993/1994 Value 
MLD within the stented segment (ram) 
Before stenting 0.99 _+ 0.42 0.97 _+ 0.46 NS 
After stenting 2.72 _+ 0.40 3.18 _+ 0.30 0.001 
After stenting (by intravascular 2.55 ÷ 0.4l 3.14 _+ 0.37 0.001 
ultrasound) 
MLD in the proximal reference 
segment (ram) 
Before stenting 3.16 _+ 0.48 3.18 + 0.40 NS 
After stenting 3.20 +_ 0.49 3.23 + 0.41 NS 
MLD in the distal reference s gment 
(ram) 
Before stenting 2.75 _+ 0.55 2.81 + 0.52 NS 
After stenting 2.77 _+ 0.60 3.13 _+ 0.50 0.006 
*All measurements were obtained by quantitative angiography unless oth- 
erwise indicated. MLD = minimal lumen diameter. 
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Figure 5. Minimal cross-sectional rea within the stented segment 
plotted against the percent of patients. The squares represent patients 
treated in 1991/1992 (91 and 92, group A), the circles the patients 
treated in 1993/1994 (93 and 94, group B). Although minimal cross- 
sectional area increased in the 1993/1994 group, optimal stent deploy- 
ment was not achieved in all patients. 
controlled stent deployment; rather, their data report the 
results after different steps in stent deployment assessed by 
intravascular ultrasound. In addition, they used standard 
length stents in only 18% of the patients, whereas hort and 
biliary stents accounted for 89% of all the stents; and 72% of 
all patients had multiple stents implanted. The present study is 
of comparable size, but it included only patients with implan- 
tation of a single stent in native coronary arteries. Our data 
principally confirm the results of Nakamura et al. (11) and 
others (17). Additionally, we found that, despite higher pres- 
sures, the relation between the final expected balloon cross- 
sectional area and minimal cross-sectional rea in the stented 
segment was virtually the same in the groups with and without 
intravascular ultrasound-guided procedures. Moreover, even 
high pressure stent deployment could not entirely prevent 
echo-free space and eccentric stent deployment. 
Limitat ions of  the study. A possible explanation is that the 
so-called echo-free space is not a lumen compartment or gap 
between the stent struts and the vessel wall; rather, it repre- 
sents hypoechoic tissue. In most of our cases, the injection of 
contrast material and different gain settings were helpful in 
differentiating these two possibilities. Nevertheless, in three 
patients we were not able to decide between the two alterna- 
tives. In the future, tissue characterization, or three- or four- 
dimensional reconstruction may aid in on-line differention 
between different structures (16). 
Although intravascular ultrasound imaging proved effective 
in assessing the morphologic effects of stenting, it also resulted 
in a major increase in examination times and duration of 
procedures. Furthermore, it increased the costs per interven- 
tion, mainly for the single-use imaging catheter (about $1,000), 
catheterization laboratory time (additional 15 to 30 min), and 
staff personnel cost (including one intravascular ultrasound 
console operator). This fact raises the question whether high 
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pressure stent deployment without intravascular ultrasound- 
guidance would be equally efficient. Our findings that echo- 
free spaces, oblique struts and eccentricity could not be 
prevented in all patients, despite the significantly higher pres- 
sures used in the intravascular ultrasound-controlled study, 
argues against his simple approach. The sigmoid shape of the 
minimal lumen diameter curve in the patients who underwent 
high pressure stent deployment suggests that additional infla- 
tions seem to be warranted in a significant percent of patients 
even after high pressure stent deployment. Another eason for 
nonoptimal stent expansion in some patients might be the 
limitation of maximal inflation pressure to 20 bar. Even 
higher inflation pressures might be beneficial in selected 
patients, whereas an increase in balloon diameter can lead 
to complications like dissections or even vessel rupture 
(11,17). 
Could the use of intravascular ultrasound-controlled stent 
deployment make it possible to assess the need for anticoag- 
ulation on the basis of postprocedural intravascular ultrasound 
findings? Although this approach as been suggested by others 
(11,17), our study group was too small to allow a definitive 
answer to this question. Nevertheless, the only two subacute 
thrombotic events occurred in group A, and both patients had 
incomplete stent expansion. 
Although intravascular ultrasound examination was safe, it 
was not entirely free of adverse effects. Unexpectedly, the 
occurrence of ST segment changes in some patients during 
intravascular ultrasound examinations did not differ between 
those who were studied with a size 4.8F or 3.5F catheter. The 
most likely reason is that significantly more examinations were 
performed per patient in group B with the use of the smaller 
catheter. 
Further implications. At present, intravascular ultrasound 
is the only method of visualizing stented coronary artery 
segments in vivo in great detail and of assessing the geometry 
of stent expansion and vessel wall-stent contact. The proce- 
dure is apparently safe. although time consuming. Intravascu- 
lar ultrasound-guided stent deployment results in significantly 
larger cross-sectional minimal umen areas, suggesting more 
room for intimal hyperplasia nd, probably, a more favorable 
long-term outcome. Despite the use of high pressure intravas- 
cular ultrasound to guide stent deployment, not all patients 
had homogeneous stent geometry or optimal stent expansion. 
These findings uggest the need for further modification of the 
process of stent deployment (i.e., higher balloon pressures) or 
changes in stent design. Longitudinal studies hould address 
the question of morphologic remodeling over time in terms of 
intimal hyperplasia, stent geometry and plaque changes. 
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